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Presence of Chloride-Formate Exchange in Vascular Smooth Muscle and Cardiac Cells
Manoocher Soleimani, Randy L. Howard
The presence of chloride-formate anion exchange in vascular smooth muscle cells (VSMCs) and cardiac myocytes was investigated. Imposing an outward chloride gradient in sarcolemmal microsomes isolated from canine aorta stimulated [W4C]formate uptake compared with the absence of a chloride gradient (24.3±2.33 versus 9.8±1.41 pmol/mg protein for 30 seconds, P<.03) and induced transient uphill ['4C]formate uptake. The chloride-formate exchange was significantly inhibited in the presence of 1 mmol/L 4,4'-diisothiocyanostilbene-2,2'-disulfonic acid (DIDS) or furosemide (57% and 61%, respectively). Incubation of rat cultured VSMCs in a medium containing [14C]formate resulted in uptake of formate that was significantly DIDS and furosemide sensitive (79.34-2.47, 43.03 ±2.37, and 44.65+1.68 pmol/mg protein for 4 minutes in control, DIDS, and furosemide groups, respectively). Preincubation of the VSMCs in chloride-free medium significantly reduced the DIDS-sensitive (36.31 versus 16 .85 pmol/mg P lasma membrane anion exchangers are present in almost every tissue and play a key role in regulating cell chloride and pH. The prototype of anion exchangers is red blood cell band 3, which exchanges one HCO3for one chloride ion.12 Anion exchangers, in general, are sensitive to inhibition by disulfonic stilbene derivatives and furosemide.',2 On the basis of anion specificity and inhibitor sensitivity, several isoforms of anion exchangers have been identified in different tissues. These, among others, include chloride-formate,3-6 chloride-oxalate,357 chloride-bicarbonate,8 sulfate-bicarbonate,9 and chloride/OH-10,11 exchangers.
The chloride-formate exchanger was first described in kidney proximal tubules. 3 6 In brush-border membrane vesicles isolated from rabbit kidney cortex, imposition of an outward chloride gradient induced uphill influx of formate compatible with the chloride-formate exchanger.475 This transport process was electroneutral and was inhibitable by 4,4'-diisothiocyanostilbene-2,2'-disulfonic acid (DIDS) and furosemide.45 In intact proximal tubule of rabbit kidney, the addition of formate to the luminal and peritubular solutions increased the rate of NaCl absorption by 60%.12 The formate-stimulated NaCI absorption was electroneutral and inhibited in the presence of DIDS. 12 In the intact proximal tubule of the rat kidney, luminal addition of chloride caused signifi-cant intracellular acidification in the presence of formate. 6 This formate-dependent cell acidification was DIDS sensitive. 6 The results of the above studies are consistent with the presence of the chloride-formate exchanger in the kidney proximal tubule. Recent studies have confirmed the role of chloride-formate exchange in chloride reabsorption in both the proximal and distal tubule.13 '4 It has been postulated that formate, secreted into the lumen in exchange for chloride, is converted to formic acid and returned to the cell via nonionic diffusion.3, The entry of formic acid into the cell is followed by the exchange of intracellular formate for luminal chloride, leading to chloride reabsorption.34 The physiological role of chloride-formate exchange in mediating chloride reabsorption depends on proximal tubule permeability to formic acid. A high permeability facilitates, whereas a low permeability inhibits the exchange. Studies evaluating this issue in kidney proximal tubules have not shown any significant permeability to formic acid, leaving the question of formic acid recycling and its relation to chloride-formate exchange unanswered. '5,16 In the present experiments, we have studied the presence of chloride-formate exchange in tissues other than kidney proximal tubules. The logic was that the presence of chloride-formate exchange in these tissues would suggest (1) a more general role for this exchanger and (2) that the mode of operation of this exchanger might not be dependent on reaction with H' and nonionic diffusion of formate into the cells. Accordingly, we have examined the presence of the chloride-formate exchange system in vascular smooth muscle and cardiac sarcolemmal vesicles. The results of our studies demonstrate that chloride-formate exchange is present in vascular smooth muscle and cardiac sarcolemmal vesicles. The significance of these findings will be discussed.
Materials and Methods

Vascular Smooth Muscle Sarcolemmal Microsome Preparation
Sarcolemmal microsomes were isolated from canine aorta according to the method of Kahn et al. 17 Briefly, z8 in of canine descending aorta were removed after the dog was killed, and adhering tissues were removed at a low temperature. The aorta was thoroughly minced with scissors and suspended in a solution consisting of (mmol/L) mannitol, 200; Tris, 10; and HEPES, 16 (pH 7.5 at 1 g/10 mL). The mixture was homogenized with a Polytron homogenizer. The homogenate was centrifuged at 10 00(g for 10 minutes, and the resultant supernatant was centrifuged at 100 OOOg for 60 minutes. The resultant pellet was resuspended in a medium consisting of 250 mmol/L sucrose and 10 mmol/L HEPES titrated to pH 7.5 with potassium hydroxide, then frozen, and stored at -70°C until used. The purification of the microsomal fraction was determined by assaying K+-phosphatase activity.17 The specific activity of K+-phosphatase was measured by incubating membranes with p-nitrophenyl phosphate in the presence and absence of ouabain and assaying the amount of p-nitrophenol that was generated.'7 The ouabain-sensitive K+-phosphatase was 9.5±3.5 and 63.6+6.7 nmol . h '*mg protein-l for the homogenate and the microsomal fraction, respectively.
Preparation of Aortic Smooth Muscle Cells and Cell Culture
Rat aortic smooth muscle cells were isolated using a modified method originally described by Chamley et al. 18 The thoracic aortas from six to eight male Sprague-Dawley rats were incubated at 37°C for 30 minutes in 6.0 mL Eagle's minimum essential medium (MEM) containing 2 mg/mL collagenase. After dissecting the adventitia, the aortas were minced with sterile razor blades and incubated again at 37°C in Eagle's MEM with collagenase for 2.5 to 3 hours with continuous stirring. The resulting single-cell suspension was centrifuged for 5 minutes at 800g, and the cell pellet was resuspended in fresh incubation medium without collagenase. This procedure was repeated twice. The cells were plated onto 75-cm2 culture flasks and grown at 37°C in a humidified atmosphere of 95% air-5% CO2. Eagle's MEM supplemented with 10% fetal calf serum, 100 U/mL penicillin, 100 j,g/mL streptomycin, and 0.25 ,g/mL amphotericin was used as the culture medium. Cell viability was checked by the exclusion of trypan blue (0.3%) and always exceeded 95%. The cultures reached confluence after 7 to 10 days and were subcultured using trypsin-EDTA (0.25% to 1.0%) treatment. Cells were positively identified as smooth muscle by indirect immunofluorescent staining for myosin using rabbit antimyosin (smooth and skeletal) antibody and anti-rabbit IgG fluorescein isothiocyanate conjugate. Cells from passages 3 to 6 were used for experiments.
Cardiac Sarcolemmal Vesicle Preparation
Thirty grams of canine left ventricle was removed for vesicle preparation after the animal was killed. Sarcolemmal vesicles were isolated by a sucrose gradient method as previously described.'9 The vesicles were suspended in a medium consisting of 250 mmol/L sucrose and 10 mmol/L HEPES titrated to pH 7.5 with potassium hydroxide, then frozen, and stored at -70°C until uptake experiments were performed. The purification of sarcolemmal vesicles was determined by assaying K+-phosphatase activity in the homogenate and the final membrane fraction. 19 The purification of the sarcolemmal vesicles relative to the initial homogenate was 17to 21-fold on the basis of K+-phosphatase activity.
Renal Brush-Border Membrane Vesicle Preparation
Brush-border membrane vesicles were isolated from canine renal cortex by a divalent cation-aggregation method20 as used previously. 21, 22 The membrane vesicles were suspended in a medium consisting of 250 mmol/L sucrose and 10 mmol/L HEPES titrated to pH 7.5 with potassium hydroxide, then frozen, and stored at -70°C until uptake experiments were performed. The final vesicle preparation was enriched 8-to 11-fold in brush-border membranes relative to initial homogenate on the basis of specific activity of alkaline phosphatase.
[`4C]Formate Transport Measurement
Vesicles. Intravesicular content of ['4C]formate was assayed in quadruplicate at room temperature by a rapid filtration technique. 21 The ice-cold medium used to dilute and wash the vesicles at the termination of the uptake period consisted of 170 mmol/L K+-gluconate and 10 mmol/L HEPES titrated to pH 7.5 with tetramethylammonium hydroxide. Thereafter, each Millipore filter (0.4 minutes, 5 ,umol/L, DAWP) was placed in 3 mL of scintillation fluid, and radioactivity was assayed by liquid scintillation spectroscopy. The final composition of the experimental media and other details of the protocols are given in the figure legends. All experiments were performed using vesicles treated with valinomycin (0.5 mg/mL) and preequilibrated in media of appropriate composition to ensure that [K+]i was equal to [K']. during uptake measurements.
Vascular smooth muscle cells. Vascular smooth muscle cells (VSMCs) were grown in 35-mm culture dishes for formateuptake experiments. The medium was aspirated, and the cells were washed once with 1 mL of solution A (mmol/L: NaCl, 145; KCl, 5; glucose, 2; HEPES, 7; MgCl2, 1; CaCl2, 1; KH2PO4, 0.1; and K2HPO4, 0.4 [pH 7.4]). The cells were then equilibrated for 30 minutes at 37°C with solution B (mmol/L: NaCl, 2.5; KCl, 72.5; glucose, 2; HEPES, 7; MgCl2, 1; CaCl2, 1; KH2PO4, 0.1; and K2HPO4, 0.4; along with 10 g.mol/L nigericin [pH 7.4]) or solution C (mmol/L: Na+-gluconate, 2.5; K+-gluconate, 72.5; glucose, 2; HEPES, 7; MgCl2, 1; CaCl2, 1; KH2PO4, 0.1; and K2HPO4, 0.4; along with 10 ,umol/L nigericin [pH 7.4]). The solution was then aspirated from the cells, and 1 mL of uptake solution (mmol/L: Na+-gluconate, 145; K+-gluconate, 5; glucose, 2; HEPES, 7; MgCl2, 1; CaCl2, 1; KH2PO4, 0.1; and K2HPO4, 0.4; along with 5 mg/mL bovine serum albumin and 1 gCi/mL [14C]formic acid [pH 7.4]) was added. To prevent significant changes in pHi, the uptake solution for some experiments consisted of (mmol/L: Na+gluconate, 77.5; K+-gluconate, 72.5; glucose, 2; HEPES, 7;
MgCl2, 1; CaCI2, 1; KH2PO4, 0.1; and K2HPO4, 0.4; along with 10 gmol/L nigericin and 1 ,Ci/mL [14C]formic acid [pH 7.4]).
After the appropriate uptake period at room temperature, the solution was aspirated, and the cells were washed twice with 1 mL ice-cold solution A. The cells were solubilized with 1 mL of 1N NaOH and agitation at 150 rpm for 30 minutes. Solubilized cell solution (500 ,uL) was added to 10 mL Ready Solv HP scintillation fluid (Beckman Instruments, Inc, Fullerton, Calif), and cell-associated radioactivity was determined by scintillation counting (Beckman LS 3801). The remaining 500 ,uL of solubilized cell solution was neutralized with 1N HCl, and a 100-,uL aliquot was used for estimation of protein content.
The protein content was estimated using bicinchoninic acid according to the manufacturer's protocol (Pierce, Rockford, Ill).
Data Analysis
The data are expressed as mean+SEM. Statistical analysis was determined using Student's t test or ANOVA where appropriate. A value of P<.05 was considered statistically significant. To investigate whether there was a significant difference in the DIDSor furosemide-sensitive uptake of [14C]formate in VSMCs, a two-way ANOVA with interaction was computed. Specifically, if the interaction is significant, then there exists evidence of a difference in the DIDSor 
Results
We first tested the presence of chloride-formate exchange in brush-border membrane vesicles isolated from canine kidney cortex. An outward chloride gradient was imposed across renal brush-border membrane vesicles, 21±3.9%, 51±5.2%, and 73+7.1% at 0.5, 1, and 2 mmol/L, respectively. DIDS inhibition of the chloridedependent ['4Cjformate uptake was 17+2.2%, 47+4.9%, and 61±6.9% at 0.5, 1, and 2 mmol/L, respectively. We next studied the presence of chloride-formate exchange in cultured VSMCs. Cultured VSMCs, grown to confluence, were washed and preincubated in the presence of a low-sodium high-chloride medium for 30 minutes as described. The medium was aspirated, and the time course of [14C]formate uptake was measured by incubating the cultured cells in 1 mL low-chloride medium that contained 17 nmol ['4C]formate. The reaction was stopped, and the influx of [14C]formate into the cells was assayed according to "Materials and Methods." Fig 3 demonstrates that there exists a DIDSsensitive formate uptake in cultured VSMCs at all time points examined. To determine whether the [`4CJformate uptake is mediated via the chloride-formate exchanger, the cultured VSMCs were preincubated in low-sodium low-chloride medium for 30 minutes. The purpose of this maneuver was to deplete the cells of intracellular chloride. After the incubation, the lowchloride medium was replaced with the uptake medium that contained [14C]formate. The (P<.001). We did not measure the cell chloride and membrane potential after preincubation in low-chloride medium. It is possible that chloride removal could lead to cell depolarization and stimulate ['4C]formate influx. To determine whether the influx of ['4C]formate in the cells is mediated via the chloride-formate exchange mechanism, experiments were performed in the presence of furosemide, which should not have any effect on membrane potential-driven [14C]formate uptake. As shown in Fig 5, formate uptake in cultured vascular smooth muscle cells (VSMCs). The cultured VSMCs were incubated either in solution B or solution C for 30 minutes. The solution was aspirated, and the 4-minute uptake of [14C]formate was assayed according to the protocol described in "Materials and Methods." 4,4'-Diisothiocyanatostilbene-2,2'disulfonic acid (DIDS) was added to the uptake medium at 1 mmol/L concentration. Each datum represents the mean+SEM for six separate experiments performed on different preparations. *P<.001 vs total uptake at the same chloride concentration; #P<.001 vs DIDS-sensitive uptake in the high-chloride group.
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-T- To examine the presence of chloride-formate exchange in vascular smooth muscles further, sarcolemmal microsomes isolated from canine aorta were incubated in the presence and absence of 40 mmol/L chloride and studied for ["4C]formate uptake. pmol/mg protein for 30 seconds in control, DIDS, and furosemide groups, respectively). We also studied the dose-response relation for furosemide and DIDS inhibition. Furosemide inhibited the chloride-dependent ["4Ciformate uptake by 24±4.4%, 58+6.2%, and 71±7.8% at 0.5, 1, and 2 mmol/L, respectively. DIDS inhibition of the chloride-dependent [`'CIformate uptake was 19±3.2%, 51+5.7%, or 63+6.5% at 0.5, 1, or 2 mmol/L, respectively.
The results of the above experiments are consistent with the presence of chloride-formate exchange in rat and dog aorta. Several studies have examined the presence of a Cl--HCO3 exchanger in VSMCs, and the results are consistent with the presence of a Cl--HCO3-exchanger in this tissue.2324 To determine whether chloride-formate exchange is another mode of ClW-HCO3 exchange, the influx of chloride-stimulated ["'C]formate in the aortic sarcolemmal microsomes was assayed in the presence of HCO3. Fig 8 demonstrates that the presence of HCO3did not inhibit chloridestimulated [14C]formate uptake, suggesting that Cl--HCO3and chloride-formate exchange is mediated via distinct mechanisms.
In the next series of experiments, we studied the presence of chloride-formate exchange in cardiac myocytes. Sarcolemmal vesicles were isolated from canine The chloride-independent (nonspecific) formate uptake in cardiac sarcolemmal vesicles and renal brushborder membrane vesicles was higher than in microsomal fractions from aorta. The possibility that some portion of this uptake is due to binding to the membrane preparations cannot be excluded.
Discussion
Chloride-formate exchange was first described in kidney cortex. [3] [4] [5] [6] 12 In brush-border membrane vesicles isolated from rabbit renal cortex, an outward chloride gradient stimulated the influx of ['4C]formate.3-5 The chloride-stimulated ['4C]formate uptake was significantly inhibited in the presence of 1 mmol/L DIDS or furosemide.3-5 Studies examining the physiological role of the chloride-formate exchange demonstrated that the addition of formate to the luminal and basolateral surfaces of rabbit kidney proximal tubules resulted in an increase in NaCl reabsorption.12 The formate-stimulated increase in NaCl reabsorption was DIDS inhibitable, which was compatible with the presence of chloride-formate exchange.12 In rat proximal tubules, the addition of chloride to the luminal fluid was associated with significant cell acidification.6 This effect was much more significant when formate was added to the luminal and basolateral surfaces.6 These results are compatible with the presence of chloride-formate exchange in kidney proximal tubules. Additional studies have confirmed that chloride-formate exchange is the major mechanism for chloride reabsorption in the proximal and distal tubules.'3'4 According to these studies, formate secretion into the lumen and subsequent back diffusion in the form of formic acid could provide the proximal tubule cells with a chloride-base exchange mechanism that is driven by recycling of formate across the luminal membrane.3,4 Important to this hypothesis is the presumed significant formic acid permeability of the proximal tubules. Studies evaluating the permeability of proximal tubules to formic acid, however, have not shown a significant permeability.15,'6 This raises questions regarding the physiological role of chloride-formate exchange in the reabsorption of chloride.
The results of the current experiments demonstrate the presence of chloride-formate exchange in three different tissues, namely, vascular smooth muscle, cardiac myocytes, and kidney proximal tubules. This is the first report regarding the presence of chloride-formate exchange in tissues other than kidney. These findings are highly significant for several reasons. The two tissues that were studied, myocytes and VSMCs, are nonpolar tissues and as such are not involved in vectorial trans-port of chloride. This is in contrast to the kidney proximal tubule, where chloride-formate exchange is thought to be responsible for a major portion of luminal chloride reabsorption. Moreover, both cardiac myocytes and VSMCs are exposed to plasma where the pH is maintained at =7.4. The generation of formic acid at pH 7.4 is negligible. As such, the exchange of extracellular chloride for intracellular formate, as is expected to be the physiological mode of this transporter, will not lead to formic acid formation and back diffusion into the cells. There are two questions to be answered in this regard. The first one concerns the mechanism by which formate will get into these cells to be exchanged for extracellular chloride. One possibility is that the formate could enter the cells via another anion-exchange mechanism. According to this hypothesis, formate, either being a natural substrate or substituting for an anion of another anion exchanger, could enter the cell. The intracellular formate could then be exchanged with extracellular chloride. The second question concerns the physiological role of chloride-formate exchange in nonpolar tissues like heart and VSMCs. These cells are known to contain anion exchangers AE2 and AE3, which have been shown to function in the ClW-HCO3exchange mode to regulate pHi and chloride.23-29 The results of the present studies (Fig 7) in vascular smooth muscle and other investigations in the kidneys demonstrate that chloride-formate exchange is distinct from Cl-HCO3exchange. This suggests that chloride-formate transport is mediated by a distinct anion exchanger. The physiological role of chloride-formate exchange in nonpolar cells remains speculative. It is possible that this exchanger functions to regulate intracellular chloride and/or formate concentrations. It is also plausible that this exchanger is involved in the regulation of pHi. Studies to evaluate the interaction of this transporter with other symporters or antiporters are necessary to address these questions.
